Evaluation of the optimal process of thermal activation of kaolins  by Moodi, F. et al.
Scientia Iranica A (2011) 18 (4), 906–912
Sharif University of Technology
Scientia Iranica
Transactions A: Civil Engineering
www.sciencedirect.com
Research note
Evaluation of the optimal process of thermal activation of kaolins
F. Moodi ∗, A.A. Ramezanianpour, A.Sh. Safavizadeh
Concrete Technology and Durability Research Centre, Amirkabir University of Technology, Tehran, P.O. Box 15875-4413, Iran
Received 18 August 2009; revised 21 January 2011; accepted 7 June 2011
KEYWORDS
Kaolin;
Metakaolin;
Thermal activation;
Compressive strength;
X-ray Diffraction;
Optimization.
Abstract Metakaolin is a pozzolanicmaterial obtained through thermal activation of kaolin. This research
aims to investigate the effect of degree and duration of heating on the pozzolanic properties and reactivity
of the produced material. Two types of Iranian mineral raw material, namely, K1 and K3, and one by-
product of the domestic kaolin beneficiation process, K2, were activated by heating in a furnace chamber
at temperatures 650–900 °C for 1 and 2 h. The changes in the crystalline structure of these materials
were evaluated using X-Ray Diffraction (XRD), and also compressive strength tests were carried out on
the mortars containing metakaolin to study the reactivity of the produced materials. The obtained results
indicated that 1 h is sufficient for thermal activation of kaolin, and the optimal activation temperature is
between 750 and 850 °C.Moreover, itwas observed that activatedmetakaolin has an appreciable influence
on the increase in compressive strength of the mortars.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Due to the high expense of the consumed energy and exis-
tence of pollutants such as CO2 in the cement production in-
dustry, some attempts have been made to decrease cement
production and find alternativematerials.Moreover,widespread
use of concrete structures and the need for different types of
concrete add a new level of importance. One such material is
metakaolin, which is classified as a new generation of Supple-
mentary Cementitious Materials (SCMs). Metakaolin is a finely
ground solid material that is used to replace part of the clinker
in cement or in a concrete mixture. Use of metakaolin in ce-
ment based systems provides significant technical and environ-
mental benefits. Metakaolin, obtained by thermal activation of
kaolin, has been the focus of a significant amount of study, as a
pozzolanicmaterial, in recent years. The first use of thismaterial
in concretewas in the JupiaDam, Brazil, in 1962. The application
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Open access under CC BY-NC-ND license.of metakaolin in the concrete industry is relatively new, around
20 years. However, the use of metakaolin has become increas-
ingly common, particularly as an effective pozzolanic material,
and commercial metakaolin has been introduced to the mar-
ket since 1994 [1]. Kaolin particles are small, flat and plate-like,
and their most prominent features include fineness, softness, a
soapy feel, easy cleavage and low abrasion [2–4]. Metakaolin
is prepared by dehydroxilation of kaolin clay in the temper-
ature range of 450–850 °C. This temperature leads to a loss
of chemical water, breakdown in the crystalline structure and
consequently a phase transformation to amorphous with high
reaction ability called metakaolin (AS2 or Al2O3.2SiO2) [3,5–9].
In accordance with some studies, the best activation tem-
perature to produce metakaolin from kaolin is between
700–850 °C [10–12]. In other research, this temperature is re-
ported higher than 700 °C, and should preferably be at least
750 [13]. However, if too high a temperature is used, an inert
crystalline, AS2, will form. As a result of this phase transforma-
tion, pure kaolin loses about 14% of its weight related to hy-
droxyl ions [7]. This weight reduction is due to the following
reaction:
2SiO2.Al2O3.2H2O
650 °C–850 °C−−−−−−−→ 2SiO2.Al2O3 + 2H2O ↑ .
High pure metakaolin normally contains 50%–55% silicon oxide
and 40%–45% alumina [13]. Based on the conducted studies,
mineral clay soils containing more than 30%–35% kaolinite
can be used directly to produce a pozzolanic additive [14,15].
Hence, the stage of kaolin beneficiation can be removed.
The application of such an approach can significantly reduce
production expenditures.
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pozzolanicmaterials, such as fly ash and silica fume.Metakaolin
is a primary product obtained during a controlled process,
while fly ash and silica fume are secondary products of other
industrial processes.
The effects of metakaolin on concrete and mortar can be
attributed to the following factors:
1. Better lubrication of coarser cement particles [15,16];
2. Filler effect [17,18];
3. Acceleration of the OPC hydration rate [17–21];
4. Pozzolanic activities and reactions [17,21,22];
5. Dilution effect [14,17].
Investigators believe the most important effects of lubricating,
filler, accelerating the rate of the OPC hydration and pozzolanic
reaction occur at themixing time, the initial hours, the first 24 h
and between 2–28 days, respectively [23,24].
Temperature, heating rate and time significantly influence
the dehydroxylation process. The main characteristic of pro-
duced metakaolin for use in cement based systems is its poz-
zolanic reaction. The pozzolanic reaction may be determined
by direct methods, such as thermogravimetry (TG), Differen-
tial Thermal Analysis (DTA) and X-ray Diffraction (XRD), or in-
direct methods, such as strength development occurring with
reaction time. Due to the favorable results regarding the ef-
fect ofmetakaolin on concrete properties and also the existence
of several kaolin mines in Iran, this study is aimed at inves-
tigating the optimal conditions of thermal activation for dif-
ferent types of domestic raw kaolin clay containing 25%–50%
kaolinite and the possibility of using activated raw materi-
als as pozzolanic additives to cement and concrete, using the
X-ray Diffraction (XRD) test, as well as determining the com-
pressive strength of cement mortar specimens. Eliminating the
beneficiation stage, such an approach could significantly reduce
metakaolin production expenditure related to intermediatewet
beneficiation and the subsequent drying process of the raw
materials.
2. Experimental program
2.1. Materials
The cement employed in this study is Type I Portland
cement and its chemical composition and physical propertiesTable 1: Cement and kaolins specifications.
Chemical
composition
K1 K2 K3 Portland cement
Type I
%SiO2 72.97 76/73 68/99 21.57
%Al2O3 22/21 17/41 20/46 2.87
%Fe2O3 0/81 0/59 0/99 2.65
%CaO 2/22 3/58 2/75 61.6
%MgO 0/13 0/19 0/5 3.95
%Na2O 0/05 0/05 2/80 0.12
%K2O 0/55 0/31 2/24 0.57
%TiO2 0/06 0/06 0/09 –
%MnO 0/02 0/01 0.03 –
%P2O5 0/05 0/04 0/05 –
%LOI 7/18 – 4/38 2.28
Weight reduction at
450–750 °C
7.1% 5.76% 3.79% –
Kaolinite content% 50.73 41/12 27.12 –
Blaine specific
surface area (m2/kg)
460 350 360 320
are presented in Table 1. This cement meets the requirements
of the 389 Standard of Iran.
As mentioned previously, the raw kaolins used in this
research include two types of mineral kaolin (K1 and K3)
and a secondary product (K2). The chemical compositions and
physical properties of these three materials are summarized
in Table 1. The kaolinite content of these materials was
estimated through measuring the amount of weight reduction
at 450–750 °C.
The sand used in the mortar is cleaned natural sand with
water absorption of 1.82% and a specific gravity of 2560 kg/m3,
respectively.
2.2. Mortar sample preparation
Mortar samples were constructed by replacement of 15%
cement with activated materials by weight. The mortars were
designed using a Sand-to-Cementitious material ratio (S/C) of
3.0 andW/C of 0.5. Mixing, compaction and molding have been
carried out in accordance with ASTM C305 and ASTM C109,
respectively.
Specimens were cast into moulds and kept in a totally wet
environment for 24 h. Then, the samples were taken-out from
moulds and kept in a saturated limewater solution at 23± 2 °C
until reaching the test age.
908 F. Moodi et al. / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 906–912Figure 2: XRD pattern of K1 , before and after thermal activation.
Figure 3: XRD pattern of K2 , before and after thermal activation.
Figure 4: XRD pattern of K3 , before and after thermal activation.
3. Thermal activation
The thermal activation of these three materials was per-
formed in a fixed-bed electrical furnace at different tempera-
tures (650, 700, 750, 800, 850 and 900 °C) for 1 and 2 h. HeatingFigure 5: XRD patterns of K1 , after thermal activation.
Figure 6: XRD patterns of K2 , after thermal activation.
Figure 7: XRD patterns of K3 , after thermal activation.
increased from ambient temperature to the desired tempera-
ture at a rate of 5° (°C) per minute and then stabilized for 1 or
2 h. After that, the temperature gradually decreased at the ex-
posure to air.
Thermogravimetry tests (TG) and Differential Thermal
Analysis (DTA) were carried out on the sample, K1, and the
results are shown in Figure 1. Weight reduction due to the
dehydroxilation reaction occurred at temperatures in the range
of 500–780 °C. Recrystallization and transformation of the
activated material into an inactive one began at a temperature
around 920 °C.
X-ray diffraction tests were conducted on the raw and acti-
vated kaolins at 750–850 °C. The results revealed that all peaks
of the kaolinite mineral disappeared at the mentioned range of
temperatures. Therefore, dehydroxilation and transformation
of kaolinite into metakaolin have been performed completely.
F. Moodi et al. / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 906–912 909Figure 8: Effect of temperature and time of thermal activation on 28-day-compressive strength of mortars containing 15% metakaolin. (a) K1; (b) K2; and (c) K3 .Figure 9: 28-day-compressive strength of samples containing activated
material within 1 h.
Figures 2–4 show the difference in the XRD patterns before and
after the activation process, and Figures 5–7 represent the XRD
patterns of activated materials at 750, 800 and 850 °C.
The intensity of kaolinite peaks in the patterns of inactive
material show that the kaolinite content in K1 and K3 is
higher and lower than that of other materials, respectively.
Kaolinite peaks in the K3 are very weak, and the related pattern
indicates the low quality of this material and the existence of
substantial amounts of impurities. Existence of a large amount
of feldspar indicatesweathering and hydrothermal alteration inan incomplete form. This phenomenon could be a result of the
age of the K3 streak.
As seen from Figures 5–7, kaolinite peaks are not observed
in the patterns of materials activated at 750–850 °C. Therefore,
it can be concluded that dehydroxilation has been completed in
the activated materials. Furthermore, there was no noticeable
difference between patterns of the heatedmaterials. Thus, from
the aspect of dehydroxylation at 1 and 2hheating periods, there
is no considerable difference between these temperatures.
4. Determination of optimal temperature and duration of
heating of activation
In order to study the reactivity of activated kaolin clays,
compressive strength tests were conducted on the mortars
containing 15% metakaolin. The mortars were designed using
a Sand-to-Cementitious material ratio (S/C) of 3.0 and W/C of
0.5. These tests were carried out on the cubic samples with
dimensions 5×5×5 cm, at ages of 3, 7 and28days. The results of
28-day-compressive strength are cited in Figure 8. The general
trend indicates that the reaction ability and dehydroxilation of
kaolinite increase with an increase in temperature. However,
as temperatures approach 900 °C, recrystallization begins
and consequently the reactivity decreases. In addition, by
comparing the diagrams in Figure 8, it can be deduced that an
increase in heating duration, from 1 to 2 h, does not have much
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low temperatures.
At low temperatures, an increase of heating duration leads
to an increase in dehydroxilation and this in turn causes a
further increase in the reactivity and compressive strength
of mortar samples. On the other hand, at high temperatures,
because dehydroxilation has been completed, an increase in
the heating duration results in further formation of crystals, a
decrease in the specific surface of metakaolin and consequentlya decrease in the reactivity and compressive strength of the
mortar samples. It was seen that the peak of compressive
strength has shifted toward lower temperatures as the heating
duration increases. Based on the obtained results, maximum
compressive strength of samples containingMK1,MK2 andMK3
has been achieved at 800, 750 and 850 °C, respectively, and
within 1 h. Figure 9 shows the 28-day-compressive strength
of samples containing one-hour activated material. It can be
seen that kaolins activated at temperatures higher than 650 °C
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mortar samples, compared to the control sample. Besides, it
seems that there is a direct relation between the content of
activated material in the metakaolin and compressive strength
in such a way that maximum compressive strength was seen
in samples containing MK1,MK2 and MK3. Therefore, it can be
inferred that metakaolin has caused an improvement in the
paste structure and interface zone between the cement matrix
and the aggregate surface.
The relative compressive strengths of metakaolin mortar
samples against control samples at different ages are presented
in Figure 10. At the age of 3-days, the relative compressive
strength of most samples, except samples containing K1, is
lower or near 1. This can be assigned to the dilution effects of
kaolin that overcome any filler effects, and acceleration of OPC
hydration, due to the relatively low amount of kaolinite.
At ages between 3 and 7 days, the high slope of the curves
indicates an increase in the compressive strength compared
to the control sample, and accordingly it can be deduced that
portlandite (Ca(OH)2) is formed; due to the cement hydration,
pozzolanic reactions are proceeding at a high speed. At ages
between 7 and 28 days, the positive slope is lower compared
to the first 7 days. From Figure 10, it can be concluded that
an increase in the degree of heating leads to an increase in the
reactivity in the early days, and a large portion of the ultimate
strength is obtained at early ages. In addition, it is expected
that mortar samples containing activated materials at lower
temperatures obtain the same or more compressive strength
at a later age, unless dehydroxilation has not been completed.
It seems that dehydroxilation may not be completed within
a heating duration of one and two hours at only 650 °C. This
is because the relative strength of this activated material is
entirely lower than other curves.
The relative compressive strength in the samples containing
K1 at early ages is higher than other samples. This can be
assigned to the higher quantity of kaolinite in K1 compared to
the other materials. It can be seen that samples containing K1,
activated at temperatures higher than 700 °C, have obtained
higher compressive strength than control samples at early ages.
The present results for K1 and K2 have a similar performance
to those obtained by some studies in literatures, but K3 is a
secondary product and has given different results.
Finally, since no significant improvement was observed
in the compressive strength of samples with dehydroxilized
kaolins,with aheating duration of 2h compared to 1h, a heating
duration of 1 h was selected as the optimal heating duration of
activation. According to the results of the compressive strength
of mortars, the optimal heating degrees for kaolins, K1, K2 and
K3, were taken as 800, 750 and 850 °C, respectively.
5. Conclusions
Metakaolin is unique in that it is not the by-product of
an industrial process, nor is it entirely natural, which is
usually produced by thermal treatment. Based on the results
of the XRD diffraction test and the compressive strength of
mortar specimens containing 15% metakaolin, the following
conclusions can be drawn:
1. For the investigated kaolin types, the optimal temperature
for thermal activation of kaolin between 750–850 °C for
1 h is sufficient to obtain the desired product. However,
increasing the heating duration from 1 h to 2 h increases the
reactivity of kaolins at temperatures lower than 750 °C.2. Within the optimal activation temperatures (from 750
to 850 °C), by increasing the heating duration from 1
to 2 h, no significant improvement was observed in the
compressive strength and dehydroxilation of kaolins. In
addition, reactivity decreasedwith an increase in the heating
duration at these temperatures.
3. Based on the conducted investigation, it can be concluded
that relative compressive strengths increase sharply at
ages between 3–7 days after which compressive strength
increases slowly up to 28 days. It is demonstrated that
metakaolins activated at higher temperature have more
reactivity at early ages and in contrast at lower temperature
show more reactivity at later ages.
4. Reactivity and dehydroxilation of kaolinite increases with
an increase in temperature, and kaolins activated at
temperatures greater than 650 °C cause an improvement
in the 28-day-compressive strength of mortar samples,
compared to the OPC control sample. However, as the
treatment temperature approaches 900 °C, reactivity and
consequently compressive strength, decrease.
5. Due to the pozzolanic reactions and filler effects of
metakaolin, the strength of mortars containing metakaolin
is improved.
6. Improvement of the compressive strength of mortars
containing metakaolin depends on the amount of activated
material and the specific surface area of the metakaolin.
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